The gal operon of Escherichia coli is negatively regulated by repressor binding to bipartite operators separated by 11 helical turns of DNA. Synergistic binding of repressor to separate sites on DNA results in looping, with the intervening DNA as a topologically closed domain containing the two promoters. A closed DNA loop of 11 helical turns, which is in-flexible to torsional changes, disables the promoters either by resisting DNA unwinding needed for open complex formation or by impeding the processive DNA contacts by an RNA polymerase in flux during transcription initiation. Interaction between two proteins bound to different sites on DNA modulating the activity of the intervening segment toward other proteins by allostery may be a common mechanism of regulation in DNA-multiprotein complexes.
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Communication between proteins bound to spatially separated sites on DNA appears to be a ubiquitous mechanism governing regulation of cellular macromolecular processes, such as transcription, recombination, and DNA replication in both prokaryotes and eukaryotes (1) (2) (3) (4) (5) (6) (7) . It involves a direct contact between homologous or heterologous proteins, giving rise to cooperative binding. In such mechanisms, DNA usually facilitates interaction between the DNA-bound proteins, providing a tether to increase the effective local concentration of the proteins. The DNA part of the looped complex has been viewed traditionally as a passive participant of regulation, merely aiding the formation of the correct DNA-multiprotein complexes.
The gal operon of Escherichia coli contains two promoters, P1 and P2, separated by only 5 bp, and two operators, OE and O0, which are centered at -60.5 and +53.5 bp, respectively, from the transcription start site of P1 (refs. 8, and 9; Fig. 1 ). Gal repressor (GalR) negatively regulates transcription from P1 and P2 by repressing transcription from each promoter. For complete repression, GalR must bind to both OE and O,. A chimeric gal operon carrying a lac operator, which interacts with Lac repressor (Lacd), in the place of either one of the gal operators cannot be repressed when provided with both Gal and Lac repressors (10) . However, when bothgal operators are replaced by lac operators, the operon can be repressed by LacI, suggesting that an interaction between the DNA-bound proteins may be essential in establishing repression and such interaction only happens between homologous repressors. In vitro transcription studies have shown that a complete repression of both gal promoters can be obtained only if the two operator-bound repressors associate, thereby forming a loop of the intervening DNA (11) . Such association occurs with wild-type Lacd, which is a tetramer and capable of binding to two operators simultaneously (11) (12) (13) (14) (15) (16) . Since wild-type GalR is a dimer, it requires another factor for DNA looping and the associated repression of both promoters (refs. 11 and 17; unpublished data). Wild-type GalR without the looping factor and a mutant Lacd (Lacladi), which is defective in tetramerization but binds to lac operators as a dimer, represses transcription only from P1 at a high concentration of repressor (11) . GalR and Lacladi, however, do not repress but stimulate transcription from P2. The selective repression of P1 and stimulation of P2 require repressor binding to OE only and an intact C-terminal domain of the a subunit of RNA polymerase (H.E.C., S.-W.P., T. Aki, P.P., N. Fujita, A. Ishihama, and S.A., unpublished data). Unlike the repression of P1 in the absence of DNA looping, the looping-dependent repression of both P1 and P2 occurs by a fundamentally different mechanism. The looping-mediated repression of the gal promoters is also different from similar DNA-looping-dependent transcriptional regulations in other systems that have been reported (7) . In most of these cases, the looping-mediated regulation is a consequence of interaction of regulatory proteins or RNA polymerase to separate sites manifested as cooperative binding, the DNA part of the looped complex being traditionally viewed as a passive participant of regulation. It merely aids the formation of the DNA-multiprotein complex. On the basis of results reported below, we propose that the bipartite operators in gal act not only for the synergistic binding of repressor but also to generate an essential DNA loop that plays a key role by directly participating in the repression ofgal operon transcription.
MATERIALS AND METHODS
Plasmids. Construction and functional elements of the plasmids used to generate supercoiled "minicircles" in vivo have been described (18) . Briefly, the parental plasmid (pSA508) carried a multiple cloning site into which the gal promoter segment was inserted. The promoter/terminator region was located on the plasmid between the A phage attachment site, attP, and the corresponding bacterial site, attB. DNA minicircles carrying the gal promoter followed by the transcription terminator were generated by site-specific recombination between the attP and attB sites in vivo in a host (SA1751) that provided the A integrase and the host integrase factor, IHF. The minicircles were extracted and purified by gel electrophoresis.
pSA510 contained a 288-bp segment ofgal promoter (-197 to +91) inserted between the EcoRI and Pst I sites of pSA508 (11) . Both gal operators (OE and O) in pSA510 were replaced with the consensus lac operator sequence (11) . pSA512 and pSA532 were identical to pSA510 except that the correspondinggal operator sequences were placed at the internal operator (0k) or external operator (OE), respectively. pSA521 carried the GATCT sequence at the -50.5 position of pSA510, which generated a Bgl II recognition site. pSA528, carrying GATCT-GATCT at the same site, was constructed from pSA521 by ligating Bgl II-digested pSA521 after filling in the cohesive ends. All the other plasmids are described in the figure legends. Proteins. Lac repressor was purified by FPLC (Pharmacia) from an E. coli strain carrying the lacIq gene on multicopy plasmid pDM1.1 (19) .
Transcription Assays. Transcription reactions were carried out as follows (18) DNase I Footprinting. Experiments were carried out essentially as described (19) . A 288-bp DNA fragment carrying the gal promoter-operator segment (EcoRI-Pst I) was labeled at the bottom strand at the EcoRI site by using the Klenow fragment of DNA polymerase I. The labeled DNA was incubated with Lacd at 37°C for 5 min and then treated with DNase I (20 units) for 5 min (13). DNA fragments generated by DNase I digestion were resolved on denaturing 8% polyacrylamide gels.
RESULTS AND DISCUSSION DNA-Looping-Mediated Repression. We investigated the mechanism of DNA-looping-dependent repression with an in vitro transcription system which uses supercoiled minicircle DNA containing only the overlappinggal promoters P1 and P2 (11, 18) . Transcripts of distinct sizes from P1 and P2 were detected by having a transcription terminator following the gal promoters in the minicircle DNA. Purified GalR is a dimer which binds to a single operator and is incapable of association into a tetramer, as judged by electron microscopy (1B), a quantitative cooperative DNA-binding assay (20) , and in vitro transcription studies (11, 21) . In vitro, GalR represses only P1 and activates P2. A soluble factor is required for dimeric GalR to associate into tetramer (ref. 11, T. Aki, H.E.C., and S.A., unpublished data). To elucidate the role of DNA looping in repression of Pl and P2 in vitro, we used a gal DNA template carrying the lac operator sequences at the OE and 0 loci and wild-type LacI tetramers capable of binding simultaneously to OE and OI, thereby giving rise to a DNA loop. Fig. 2 shows the effect of Lacd on gal transcription with DNA templates carrying either wild-type or a mutant operator allele. In the absence of repressor, two distinct full-length transcripts of 120 and 125 nt originating from P1 and P2 were detected. The addition of increasing concentrations of repressor to the DNA template carrying lac operators at OE and 0 (pSA510) decreased both transcripts to an undetectable level with equal efficiency (Fig. 24) . A half-maximal repression was obtained at 2-3 nM repressor. When a DNA template mutated at 0, (pSA512) was used, LacI reduced Pl-promoted RNA by about 85% at 10 nM concentration, but had little effect on P2-promoted RNA (Fig. 2B) . Note that no RNA other than the full-length transcript was detected with the wild-type and the 0 mutant DNA. By contrast, with a DNA template carrying a mutation at OE (pSA532), Lacd reduced the amount of full-length Pl-and P2-promoted RNA by about 40-50%. This decrease was compensated by an increase in short RNAs, most prominently, RNAs of 17 and 22 nt (Fig. 2C ). These short transcripts were generated by a "roadblock effect" of the repressor bound to 0 (22, 23 (Fig. 2A) . Whatever the mechanism of DNA-looping-dependent repression, it must be able to deal equally well with RNA polymerase binding to either side of cylindrical DNA. We consider two models. In the first model, a critical interaction between repressor and RNA polymerase 7328 Biochemistry: Choy et al.
bound to Pl or P2 is required for repression. Such an interaction necessitates a particular geometry of the tetrameric form of repressor which is created by DNA looping (Fig. 3A  Left, wild type) . In the second model, the intervening DNA encompassing gal promoters within the looped complex assumes a structure that is inadequate for transcription initiation (11) . The first model implies a protein-protein contact between the repressor and RNA polymerase in which the DNA looping is a mere consequence of tetrameric repressor binding to bipartite sites; while in the second model, the looped DNA itself is primarily responsible for repression. To distinguish between these two models we constructed DNA templates in which the positions of the two gal promoters were rotated and moved around the curved axis of the fixed length of the looped DNA with respect to the two operators. pSA522 carried a 5-bp insertion between the upstream operator (OEY and the gal promoters and a 5-bp deletion between the gal promoters and the downstream operator (O). This shifts the gal promoters 5 bp downstream without changing the distance between the operators-i.e., the DNA-loop size remains the same-and also interchanges the angular orientations of the two promoters with respect to the operators (Fig. 3A Center, pSA522) .
Similarly, pSA523 carried a 10-bp insertion and deletion, thereby shifting the gal promoters 10 bp downstream but restoring their original angular orientation (Fig. 3A Right,  pSA523 ). Using these engineered DNA templates, we tested the protein-protein contact model in which the placement of repressor and RNA polymerase should be critical. We reasoned that if a proper contact between two proteins is made in the wild-type DNA, the critical contact would be lost in the mutant DNA where RNA polymerase-binding sites are shifted 5 bp or 10 bp within the DNA loop, resulting in derepression. Fig. 3B shows the affect of Lacd on gal RNA synthesis when using minicircles of the wild-type and the two engineered DNA's. The results are shown graphically in Fig. 3C . circle with an approximate circumference of 600 A and radius of 90 A (24, 25) . Thus, the DNA loop in gal would demand a significant curvature of the sugar-phosphate backbone in the intervening DNA. Fig. 4 shows a DNase I footprint of repressor on gal DNA containing bipartite operators. A complete protection of both OE and O from DNase I digestion was obtained with a repressor concentration of about 2 nM (Fig. 4,  lanes 4-6) . With increasing repressor concentrations, an altered pattern of DNase I sensitivity was detected at the intervening promoter region between the two operators; both increased and decreased DNase I sensitive sites at periodic intervals were detected. Such a pattern has been shown to be characteristic of DNA-loop formation (19, (26) (27) (28) . The enhanced cleavages mapped to the outside, and diminished cleavages mapped to the inside of the loop. Repressor binding also twists the operators locally (29 DNA loop creates an energetic barrier to the conformational change that normally accompanies open complex formation. The model predicts that if the energetic barrier to unwinding is relaxed, the inhibitory effect on transcription would decrease, even in the presence of a DNA loop. This prediction was examined by measuring the extent of repression by using DNA templates with larger DNA loops, which would presumably have more torsional flexibility for DNA unwinding (35, 36) . The loop in the wild-type gal contains 11 B-form DNA helical turns. We added 10 (pSA528), 50 (pSA535), 300 (pSA537), or 500 (pSA538) bp between OE and the promoters to increase the loop size approximately by 1, 5, 30, or 50 helical turns. The results of repression are shown in Fig. 5 . The wild-type DNA and the mutant DNA templates carrying 10-bp and 50-bp inserts behaved virtually identically, showing complete repression of both P1 and P2 at less than 5 nM with no prematurely terminated transcripts (Fig. SA-C) . These results support the conclusion that protein-protein contact between the RNA polymerase and repressor is unlikely the mechanism of repression. Similarly, complete repression of both promoters was obtained with a DNA template carrying a 50-bp insertion between the promoter region and 0, (data not shown). However, with a DNA template carrying a 300-bp insert, prematurely terminated transcripts began to appear, indicating that a fraction of the RNA polymerase (20-30%) could escape repression of initiation but terminated prematurely because of the repressor bound to 0 (Fig. SD) . Eventually, the repressive effect of DNA looping on transcription initiation was abolished with the DNA templates carrying a 500-bp insert. The decrease in the full-length RNA was fully compensated by the increase in the prematurely terminated RNA (Fig. SE) . These results support the model that the torsional inflexibility of smaller DNA loops is responsible for repression; the repressive distortion decreases as the loop size becomes more than 400 bp. It is known that the overall torsional flexibility of DNA circles and presumably of loops increases dramatically above 500 bp with the onset of writhe (37) . The critical onset of writhe would predict what we have observed in the transcription repression experiments: the free energy cost of opening the helix by a turn becomes acceptable when the loop size reaches a critical value.
The derepression ofgal transcription from templates with a larger loop size is not because of a decrease in DNA-looping probabilities. First, DNA supercoiling has a positive effect on the stability of looped DNA (27, 28, 38, 39) . The half-life of a loop formed by LacI with negatively supercoiled DNA is much greater than the looped complex formed with relaxed DNA (27) . Thus, the stability of a loop is in fact higher for the supercoiled minicircle DNA templates used in our study. Second, LacI can form loops with sizes even larger than 1 kb long (16) . We also observed a greater cooperativity of repressor binding to the two operators in vivo when they are separated by 300 or 500 bp, compared with when the two are 114 bp apart, indicating that the looping probability, if anything, is higher with larger distances between two operators (data not shown).
We conclude that repression of both gal promoters by DNA looping is caused by an effect on the DNA segment encompassing the promoters; such an effect makes the promoters inadequate for transcription initiation. 5 . LacI was titrated in vitro by using minicircle DNA templates with wild-type distance between the operators (pSA510) (A) and DNA templates carrying a 10-, 50-, 300-or 500-bp insertion at the -50.5 position (B-E). The transcripts were resolved on a denaturing 8% polyacrylamide gel. The sequence of the 10-bp insert was GATCTGAGTA, derived from pSA521 (see Materials and Methods). The 50-bp insert was an oligomer of random sequence: GATCTCTCGAGGGCCCGGACCCGGGCCTTACGCGTCTGTTGACGCAGATCT. The 300-bp and 500-bp inserts were PCR amplified lacZ DNA from + 1770 to +2070 and + 1770 to +2770, respectively, with primers carrying Bgl II recognition sites. The inserts were cloned into the Bgl II site (-50.5) present in pSA521. LacI concentrations used in this assay were 0, 1.25, 2.5, 5, and 10 nM. Full-length transcripts from P1 and P2 were labeled as P1 and P2; prematurely terminated transcripts originated from P1 and P2 were labeled Pls and P2s.
with each other. Such interactions are very likely to generate looped DNA whose altered conformation then interferes with or enhances the activity of a DNA sequence within the segment toward another protein which is not in direct contact with the former proteins. Such allosteric conformational change of DNA by protein binding at a distance could be a general mechanism of regulation in nucleoprotein complexes of higher order structure.
